In this paper, we present a systematic procedure to design a solar simulator for high-temperature concentrated solar thermal and thermo-chemical research. The 45 kW e simulator consists of seven identical radiation units of common focus, each comprised of a 6.5 kW e xenon arc lamp close-coupled to a precision reflector in the shape of a truncated ellipsoid. The size and shape of each reflector is optimized by a Monte Carlo ray tracing analysis to achieve multiple design objectives, including high transfer efficiency of radiation from the lamps to the common focal plane and desired flux distribution. Based on the numerical results, the final optimized design will deliver 7.5 kW over a 6-cm diameter circular disc located in the focal plane, with a peak flux approaching 3.7 MW/m 2 .
INTRODUCTION
High-temperature solar thermal and thermo-chemical research seeks to develop efficient processes for solar power generation and fuel production [e.g., [1] [2] [3] [4] . These systems use various optical configurations to concentrate solar radiation to flux levels yielding receiver and reactor temperatures typically in the range of 500 to 2500 K. Natural solar radiation is used in trough, furnace, and central tower and dish systems [5] [6] [7] [8] . A valuable laboratory research tool in the development of materials and solar receivers/reactors is an indoor high-flux solar simulator capable of providing an artificial source of concentrated radiation with a spectral distribution approaching that of the air mass 1.5 spectrum (AM 1.5) [9] . High-flux solar simulators create controlled high-temperature experimental conditions; however, their spectral characteristics usually deviate from the solar spectrum because the application of spectral filters at high flux levels requires more sophisticated solutions than for low-flux simulators. The latter systems are commonly used to test flat-plate collectors, photovoltaic cells, and photo-chemical and photo-biological processes [10] [11] [12] . Examples of high-flux solar simulators include a simulator based on a single 20 or 30 kW e xenon short arc lamp capable of delivering 3 kW of radiative power onto an area of 7 × × × × 7 cm 2 with a peak flux of 16 MW/m 2 [13] , a simulator based on a single linear argon arc lamp capable of delivering 6.73 kW of radiative power onto a 6-cm diameter circular target with a peak flux of 4.25 MW/m 2 [14] , and a simulator based on an array of 10 xenon short arc lamps capable of delivering 50 kW of radiative power onto a 24-cm diameter circular target with a peak flux in excess of 11 MW/m 2 [15] . In this paper, we present a systematic analytical-numerical procedure to design a high-flux solar simulator, as well as insight into the impact of design parameters on the expected performance. This procedure is applied to determine an optimal design for an array of seven 6.5 kW e xenon short arc lamps, each close-coupled to a precision ellipsoidal reflector of common focus. The parameters of the optimal configuration are determined by a geometric optics analysis and a Monte Carlo ray tracing analysis that accounts for the specular errors of the reflectors. 
NOMENCLATURE

DESIGN OBJECTIVE
Our design objective is to obtain a source of intense but controlled radiative flux for testing prototypes of hightemperature solar receivers and reactors in a laboratory environment. Based on the anticipated specifications of the receivers and reactors to be developed, the radiation incident on a vertical circular target 1 of diameter d target is required to match that of existing concentrating solar facilities as closely as possible, as quantified by the following parameters: (i) the half angle φ rim of an axisymmetric cone confining the radiation on the target; (ii) the spatial distribution of the radiation on the target, as measured in [16, 17] and further described below; and (iii) the spectral distribution of the radiative flux on the target [9] . The simulator design is further constrained by requiring that: (iv) the total average radiative flux incident on the target shall be as widely adjustable as possible.
In order to concentrate the light emitted by the artificial sources, we utilize the fact that rays originating from a point source can be collected in their entirety on a target point by placing the source and target points on the foci of an ideal ellipsoid of revolution with specularly reflecting walls. Finite dimensions of real radiative sources and reflection imperfections at specular walls result in radiation that does not intersect the target point. Radiative exchange between two spheres placed at the foci of a specularly-reflecting ellipsoidal cavity was analyzed in [18] . It was shown that the smaller the eccentricity of the ellipsoid of revolution and the size of a diffuse spherical source located at one focus, the higher the transfer efficiency from the source to a spherical target centered at the other focus.
An ideal design would be based on a single ellipsoidal mirror with a small high-intensity source of diffuse radiation. This concept was previously used in [19] ; however, the resulting single large ellipsoidal mirror and a limited ability to adjust the source power result in a relatively narrow range of power output. A range of approximately 40-150 MW/m 2 is achieved by simply moving the sample in and out of the focal plane. To overcome these disadvantages and better meet requirement (iv), we propose a design following the approach of [15] , which uses an array of commonly-focused radiation units, each comprised of a truncated ellipsoidal reflector closecoupled to a short arc lamp. This configuration is subject to further design constraints whose values can be found in Table  1 : (v) the axis of the arc is tilted with respect to the horizontal plane by the angle ψ ≤ 15° to ensure arc stability and proper cooling as specified by the lamp manufacturer; (vi) the focal length of a single reflector is minimized to avoid magnification of specular reflection errors, while the horizontal distance between the target and the nearest part of the radiation modules towards the target, l 1 , is large enough to allow sufficient working space; (vii) the distance between edges of the inner surfaces of the reflectors, l 3 , is such that they can be flexibly mounted, while simultaneously minimizing empty space between them to create a relatively compact design of the solar simulator enclosure; (viii) the diameter of a single reflector, is no larger than its height, h, in anticipation of manufacturability concerns, but is sufficiently la the lamp arc. The constraint values shown in Table 1 for the reflector diameter experientially correspond to these conditions. Based on the aforementioned requirements and constraints, as well as commercially available arc lamps, we propos array of seven lamp-reflector modules arranged as 1. The arrangement of the lamp-reflector modules in the circular pattern shown takes advantage of four axes of symmetry in accordance with requirement (i). are located vertically above and below lamp 1 to minimize the number of lamps not conforming to requirement ( for further discussion). Table 1 for the reflector diameter experientially correspond to these conditions. Based on the aforementioned requirements and constraints, as well as commercially available arc lamps, we propose an arranged as seen in Fig 
LAMP SELECTION & SPECTRAL CONSIDERATI
Xenon arc lamps provide the most accurate spectral representation of sunlight for their source size. lamps do not emit from a point, t consideration. Following [18] , a smaller to more effectively redirect radiation t Both AM 1.5 and the xenon arc lamp spectra are depicted Fig. 3 , each normalized by its maximum intensity. halide lamp is the only artificial light source that emits a spectral distribution that more closely replicates sunlight, but its light source is significantly larger than that of a xenon arc negatively affecting the magnitude and distribution of the radiative flux in the target plane. The OSRAM lamp has been chosen for this application because it provides the smallest arc size available f
SIMULATOR GEOMETRY
The location of each reflector is fully defined for a set of the following parameters (see Figs 
SPECTRAL CONSIDERATIONS
Xenon arc lamps provide the most accurate spectral unlight for their source size. Because these lamps do not emit from a point, the arc size is an important a smaller arc allows the reflector to more effectively redirect radiation towards the target focus.
xenon arc lamp spectra are depicted in ized by its maximum intensity. The metal halide lamp is the only artificial light source that emits a spectral distribution that more closely replicates sunlight, but its tly larger than that of a xenon arc, negatively affecting the magnitude and distribution of the radiative flux in the target plane. The XBO 6500W/HSLA OFR has been chosen for this application because it size available for its emitted power.
The location of each reflector is fully defined for a set of the following parameters (see Figs. 1 and 2): minimum distance the nearest point of a radiation , and the most extreme tilt angle of the lamp axis ψ 2 . The arc tilt angle with respect to the horizontal plane for lamp i, ψ i , is calculated by:
where θ 1 = 0°; θ 2 = θ 5 = 90°; and θ 3 = θ 4 = θ 6 = θ 7 = 30° for the module arrangement shown in Fig. 1 . The half cone angle of radiation incident at the target, further called the rim angle φ rim , the half cone angle of a single module β, and the distance between the edge of the reflecting surface and the common ideal focal point r, are given by:
Eliminating β and r from Eqs. (2) yields an explicit expression for the rim angle:
The minimum linear clearance between module 1 and any of the peripheral modules 2-7, l 2 , is calculated by:
and the minimum linear clearance between any two adjacent peripheral modules 2-7, l 3 , is calculated by:
While the location of each reflector is defined by the parameters listed above, the designer must employ engineering judgment to choose the optimal configuration. A primary constraint in locating the seven lamp-reflector modules is the tilt angle of each arc axis with respect to the horizontal plane, ψ, as introduced in requirement (v). When ψ 2 = 15°, the maximum value recommended by the manufacturer, there are two detrimental effects to the simulator geometry: the reflectors collide for the range of reflector diameters listed in Table 1 , and the rim angle is less than 30°, substantially less than the 45° typical of solar dish concentrators. For these reasons we allow ψ 2 > 15°, but we simultaneously choose the smallest possible ψ 2 that allows sufficient space between reflectors. In determining whether reflectors will collide, l 3 is the limiting parameter because l 3 < l 2 for any value of ψ 2 ; hence, requirement (vii) pertains to l 3 . A large rim angle is desired not only to match that of solar dish concentrators, but also to allow the internal receiver/reactor walls to be uniformly irradiated.
The resulting goals in locating each module are to minimize ψ, maximize φ rim , and ensure that sufficient space is left between reflectors for mounting, i.e., to force l 3 > 50 mm. The analytical relationships among ψ 2 , d, l 1 , and l 3 given by Eqs. In reality, the only way to achieve rim angles as high as 45° would be to tilt the top and bottom lamps to nearly 35° from horizontal.
The smallest tilt angle for the top and bottom lamps that leaves sufficient space for reflector mounting is ψ 2 = 26°; therefore, this value is chosen for the present design. Because a larger truncation diameter intercepts and redirects more radiation towards the target, the largest possible diameter is chosen for the given tilt angle, d = 0.75 m. To shorten the focal lengths considered and consequently maximize the transfer efficiency, the shortest possible distance l 1 that also satisfies the other constraints, i.e., l 1 = 1.45 m, is chosen. This combination of independent parameters fixes the location of each reflector and yields the values of the geometric parameters listed in Table 2 . While the location of each reflector is fixed by the parameters above, the ellipsoidal shape adds another degree of freedom and is determined by fixing the eccentricity e. The shape of a single reflector is shown in Fig. 2 . A point on the ellipse that marks the truncation diameter d, (-x tr , d/2), must satisfy the ellipse equation
and forms a right triangle with points (-x tr , 0) and (c, 0):
Furthermore, the length of the semi-major axis a, the length of the semi-minor axis b, the half focal length c, and the eccentricity e of any ellipse are related by:
The system of Eqs. (6)- (8) is solved for a by requiring that a < r. This requirement ensures that x tr is negative in the coordinate system shown in Fig. 2 , i.e. that the reflector height h is less than a:
The height of the reflector h is then calculated by
and has the requirement a − c ≤ h ≤ d , i.e., the center of the arc should be surrounded by the reflector, but the reflector should be shorter than its diameter, a constraint that addresses manufacturability concerns. The method for choosing the eccentricity and final reflector shape is outlined below.
DETERMINING THE REFLECTOR SHAPE
The figures of merit used to determine the optimal reflector shape are the transfer efficiency, η, and the flux uniformity, described here by the standard deviation 2 of the flux 2 We use the standard deviation σf to quantitatively estimate the degree of flux non-uniformity; however, this quantity should not be interpreted as the standard distribution in the focal plane, σ f . The figures of merit are defined as follows:
where m, n, q i , q j and q are the number of radiation sources (arcs), the number of discrete elements on the target, the radiative flux leaving the i-th source, the radiative flux intercepted by the j-th discrete target element, and the average radiative flux incident on the target, respectively; A i , A j , and A target are the surface areas of the i-th radiation source, the j-th discrete target element, and the entire target, respectively.
For the prescribed set of parameters l 1 and ψ 2 given in Table 2 , along with d given in Table 1 , the optimal eccentricity is determined by maximizing η with acceptable values of σ f . A trade-off exists in choosing an eccentricity with respect to flux uniformity: neither an intense peak in the center (large σ f ) nor a perfectly uniform flux distribution (minimal σ f ) is desired. A large value of σ f would irradiate the cavity unevenly and the resulting hot spots might cause material damage, while a minimal σ f would limit the range of temperatures that could be reached at the focus. Monte Carlo ray tracing is applied to compute the radiative fluxes in Eqs. (11) and (12) [21] . A large number of stochastic rays are launched from cylindrical arcs 2.0 mm in radius and 6.3 mm in length, corresponding to the luminous area of the OSRAM lamps that have been selected for the presented simulator. The arcs are assumed to emit isotropic radiation uniformly from their volumes. Attenuation of radiation inside the arcs, by the gas inside the lamps, by the quartz envelopes, and by the surrounding air is neglected in the analysis. The inner reflector surfaces are modeled as truncated ellipsoids of revolution with reflectivity ρ = 0.9 and specular errors of σ s = 0, 2.5, 5, 7.5, and 10 mrad to account for the range of surface quality that might result from the manufacturing process. The specular error is defined as the standard deviation of a distribution of the cone angle θ s measured from the normal of a perfectly smooth reflector surface to the normal of a real reflector surface, as seen in Fig. 6 .
The target is assumed to be a flat black 10-cm diameter disk. Its surface is discretized in n = 250 (radial) × 50 (angular) elements. Reradiation is neglected for all surfaces, and the surroundings are assumed to be non-participating (cold and black). Monte Carlo simulations are run for 10 7 rays per lamp.
deviation of a Gaussian distribution due to anticipated differences between the actual flux distribution and a Gaussian distribution. For each run, the number of stochastic rays N j intercepted by each discrete element A j of the target is computed. From these data, the distribution of the incident radiation at the target is computed discretely as:
The real power anticipated at the target is diminished from this amount due to the imperfect conversion of electrical energy into radiation in the arc itself. We estimate a conservative value of η e-r = 50%. Each lamp-reflector module is modeled individually. The radiative flux distribution on the target is then obtained for a group of selected modules by superposing the results for the individual lamps. The figures of merit for varying e and σ s on 6-and 10-cm diameter targets are shown in Fig. 7a and b, respectively. Flux maps for selected configurations are shown in Fig. 8 .
As the eccentricity of a reflector increases, its geometry changes in two pronounced ways that affect the variation of η and σ f as seen in Figs. 7 and 8: a reflector becomes longer and narrower, and its radius of curvature near the emitter point decreases. The increased length of the reflector allows the walls to intercept more radiation and redirect it towards the target, while a smaller radius of curvature magnifies the effects of specular error in the mirrored surface, increasing the number of multiple reflections at the reflector surface. The latter effect increases the probability that a ray will be absorbed at the reflector surface; furthermore, it becomes more likely for the non-absorbed rays to miss the target (similarly reported in [15] ).
As seen in Fig. 7 , the transfer efficiency η monotonically increases with increasing eccentricity to a maximum value η max corresponding to a threshold eccentricity e th . A further increase of e decreases η. The initial increase in η is caused by the elongation of the reflector, meaning that the increased number of rays intercepted by the reflector has a greater effect than that of a decreasing radius of curvature. Once e increases beyond e th , the effects of a smaller radius of curvature (multiple reflections) overtake those of a longer reflector (more rays redirected towards the target).
Although the effects of a decreasing radius of curvature on η are only noticeable for eccentricities greater than e th , they impact the flux distribution for all eccentricities. A decreasing radius of curvature near the source causes the flux distribution to broaden, which increases the flux on the periphery of the target, decreases the peak flux at the center, and subsequently decreases the value of the flux standard deviation, σ f . These effects can generally be seen in Fig. 8d-f . A geometric configuration is chosen that maximizes the amount of power incident on the target while retaining a moderate value of flux standard deviation in order to prevent receiver and reactor damage, as well as provide a small region of intense flux; that is, the eccentricity is chosen to be e th = 0.890 for the expected specular error σ s = 5 mrad. The final geometric parameters of a single reflector are presented in Table 3 . Tables 1 and 2 with
As the specular error σ s of a reflector increases, the overall magnitudes of η and σ f decrease bec redirect the radiation towards the effectively as a reflector with small specular error
Figs. 8a-c. When σ s is small, the reflector redirects the radiation to a smaller region of intense flux, approaching the ideal case of collecting all rays on a single point, as shown in Fig. 8a . While total amount of power on the target, it also creates a greater difference between the minimum and maximum flux values increasing the flux standard deviation, also decrease the sensitivity of η and specular error by the margins modeled dominates the effects of changing the reflector eccentricity reason, it is imperative that the reflectors be manufactured and polished as precisely as possible. higher values of specular error cause an increase in the value of e th . The reflectors perform so poorly with a that a smaller radius of curvature is required to observe a decrease in η above e th . The same effect is not observed on a 10-cm diameter target because the target area is large enough to intercept the rays that are imprecisely redirected target due to a smaller radius of curvature. Fig. 9 explicitly shows the decrease in σ s , particularly for a smaller target diameter.
increased target area are fairly straightforward: a larger target intercepts more of the radiation that is imprecisely redirected than a smaller target does, which increases the overall values of η. Similarly, a larger target diameter dam increasing spectral error, as can be seen in Fig. 9 . Figs. 8 and 10 show the increase in flux standard deviation with an increasing radius of the target because the larger area captures more of the low-flux radiation on the periphery value unchanged.
Copyright © 2010 by ASME Cumulative average flux (solid line) and power (dashed line) as a function of the target radius for the geometry described in Tables 1 and 2 with σs = 5 mrad of a reflector increases, the overall decrease because the reflector does not redirect the radiation towards the center of the target as effectively as a reflector with small specular error, as seen in is small, the reflector redirects the region of intense flux, more closely approaching the ideal case of collecting all rays on a single While decreasing σ s increases the total amount of power on the target, it also creates a greater difference between the minimum and maximum flux values, the flux standard deviation, σ f . Higher values of σ s and σ f to e; i.e., increasing the specular error by the margins modeled dominates the effects of ing the reflector eccentricity, as seen in Fig. 7 . For this reason, it is imperative that the reflectors be manufactured and For a 6 cm diameter target, higher values of specular error cause an increase in the value of . The reflectors perform so poorly with a large spectral error smaller radius of curvature is required to observe a The same effect is not observed on a cm diameter target because the target area is large enough to imprecisely redirected toward the due to a smaller radius of curvature.
explicitly shows the decrease in η when increasing particularly for a smaller target diameter. The effects of an increased target area are fairly straightforward: a larger target that is imprecisely redirected than a smaller target does, which increases the overall values of , a larger target diameter damps out the effects of ror, as can be seen in Fig. 9 . Figs. 8 and 10 standard deviation with an increasing because the larger area captures more of the flux radiation on the periphery while leaving the peak flux When all seven lamps are operated simultaneously, the flux distribution on the target is axisymmetric, as illustrated in Fig.  8 . The variations of the cumulative average flux and power with increasing radius are shown in Fig. 11 . The average flux reaches a maximum as r target → 0, and decreases with increasing target radius due to the relatively small increase in incident power compared to the larger increase in area. The intercepted power increases rapidly with increasing target radius due to the large increase in the area of the target.
It was determined that simulations performed with 10 7 rays adequately eliminated the random influences of Monte Carlo simulations as long as the data examined was for target diameters of at least 4 cm. The number of rays intercepting smaller target diameters is not great enough to give a statistically meaningful result. Between simulations computed with 10 7 and 10 8 rays, solutions for η vary no more than 0.04%, while values of σ f vary no more than 0.7% when d target ≥ 4 cm.
SUMMARY
We have presented a systematic procedure to design a high-flux solar simulator based on an array of seven 6.5 kW e xenon arc lamps, each close-coupled to a precision reflector in the shape of an ellipsoid of revolution. In choosing the artificial light source, one must consider the detrimental effects that accompany a large source size, as well as the spectral distribution of the source. Once the lamps have been chosen, each lamp-reflector module is located by considering geometric optics and practical design aspects, such as space to access equipment. The unique geometric relationships presented here serve as a guide to locating the modules. In this process, the tilt angle of each lamp axis with respect to the horizontal plane provides the most stringent constraint, while the additional specification of the reflector diameter and the minimum distance between the focal plane and the nearest point of a radiation module uniquely define each module's location. The shape of the reflector, defined by the eccentricity of the ellipsoid, is then optimized with the use of a Monte-Carlo ray tracing analysis in which the transfer efficiency and flux uniformity serve as the figures of merit. Once the simulator design is complete, its performance strongly depends on the quality of the reflector surface (quantified by the spectral error σ s ), as well as the diameter of target over which the flux is analyzed.
